ative osseous hypertrophy (Fig. 1) ; and 3) selective nerve root blocks to confirm a particular nerve root involvement in all patients with degenerative foraminal stenosis and in most patients with acute foraminal disc herniations.
Patients completed questionnaires at least once before surgery and then at 1, 6, and 12 months postoperatively. A 5-year follow-up study is underway. The questionnaires consisted of the following: 1) a VAS score to indicate overall pain status (score 0-10); 2) separate VAS scores for leg and back pain (0-10), as well as a diagram depicting the pain's location and character; 3) Prolo Scale scores for economic and functional status (Table 1) ; and 4) the PRI of the Short-Form McGill Pain Questionnaire (with 15 characteristics of pain, first 11 "sensitive," last four "affective"; Table 2 ). 18, 24, 25 The common denominator for all the patients in this study was the presence of lumbar radiculopathy secondary to foraminal entrapment; however, the following two major pathological subgroups were identified: 1) patients with acute foraminal disc herniation, in which the disc fragment impinged on the nerve against the superior pedicle; and 2) patients with foraminal stenosis due to degenerative changes (superior facet joint hypertrophy), with or without a chronic disc protrusion. Because the underlying pathological entity and clinical evolution are different for these two groups, data were analyzed not only for the entire patient population but also separately for these two groups.
Surgical Anatomy
The pars interarticularis is the isthmic part of the posterior arch connecting the pedicle and superior articulating process with the inferior articulating process of the vertebra (Fig. 2 left) . It forms the roof of the intervertebral foramen, overlying the corresponding nerve root throughout its intraforaminal course (Fig. 2 right) . "Intraforaminal" refers to the space between the medial and lateral borders of the corresponding pedicles. The microsurgical anatomy of the pars interarticularis, adjacent apophysial joints, transverse processes, and nerve root has been previously described in relationship to the lateral approach to extraforaminal disc herniations. There are slight anatomical variations for each level; the pars interarticularis is relatively narrow and medially located in the upper region of the lumbar spine, and it becomes broad, flat, and more laterally located at L-5. 26, 33, 39 After removal of the pars, the inferior facet joint remains connected to the inferior ipsilateral joint and, through the lamina, to the contralateral joint and pars interarticularis.
Surgical Technique
This operation can be performed either as an open or minimally invasive procedure. We used the operative microscope in all cases. 8 When performing open surgery, a small (2-cm) midline skin incision is made, centered slightly cephalad to the spinous process of the lumbar level of interest (identified fluoroscopically). The paraspinous muscles are retracted laterally, and the two apophysial joints, above and below the pars of interest, are identified but not violated. The pars interarticularis is then identified as a "valley" between these two bulky joints.
When undertaking the minimally invasive procedure ( Fig. 3 upper left) , the pars interarticularis of interest is first identified fluoroscopically between the superior and inferior joints; for example, the L-4 pars will lie between the L3-4 and L4-5 joints. The skin incision is paramedian, 2 to 3 cm off midline, and centered above the pars of interest. Serial dilators are used until the 18-mm-diameter tube is inserted and immobilized in its proper position. Here, the muscle-splitting technique is similar to the one used in the extraforaminal disc herniation approaches. 17, 26, 33, 39, 41 Once the pars interarticularis is identified ( Fig. 3 upper  right) , a high-speed drill is used to remove the bone in a lateral-to-medial direction. The cranial limit of the pars resection is the corresponding pedicle. A bone window of 3 to 4 mm (craniocaudal orientation) is usually enough to allow complete decompression of the nerve root and to remove any free disc fragments from the foramen (Fig. 3  lower left ). An excellent landmark for localizing the nerve root is the corresponding pedicle; the nerve is always in contact with and runs along the caudal edge of the pedicle. Bone removal continues medially until the dura mater of the spinal sac is encountered. In cases involving coexisting lateral recess stenosis, medial decompression is achieved by excising the bone and ligament to expose the nerve root sleeve-lateral thecal sac junction. In patients with extensive degenerative changes, the lateral foramen can also be narrowed if the superior facet projects into its roof. 9, 10 The most cranial part of this facet needs to be removed, preferably by using the high-speed drill, to achieve adequate decompression of the nerve root. When far-lateral/extraforaminal exposure is needed, the intertransverse muscle and ligament must be excised and the vascular arcade of Dunsker released. 39 Free fragments in the foramen are generally found inferior to the nerve root, which is compressed rostrally against the lower edge of the corresponding pedicle.
The ligamentum flavum extends from the adjacent inferior level and needs to be removed to expose the nerve root. As the resection of the pars interarticularis proceeds medially, the ligamentum flavum disappears and the dura mater is encountered. Once the dorsal root ganglia is ex-posed ( Fig. 3 lower right) , minimal manipulation is recommended to avoid inducing postoperative dysesthetic pain. 29 Avulsion of the meningeal branch of the spinal nerves, which generally arises just distal to the ganglion off the ventral branch, 35 should also be avoided to prevent postoperative pain.
Results
Two patients were lost to follow up at 1 year (compliance 94.8%). Outcome at 1, 6, and 12 months was analyzed in terms of the following: 1) evolution of overall VAS pain (Fig. 4 upper left) ; 2) evolution of VAS leg pain (Fig. 4 upper right) ; 3) evolution of VAS back pain (Fig.  4 center left) ; 4) return to work based on Prolo Scale economic score (Fig. 4 center right) ; 5) return of function based on Prolo Scale functional score (Fig. 4 lower left) ; and 6) self-perception of pain based on overall PRI total ( Fig. 4 lower right) , and its subgroups (PRI sensitive and PRI affective).
The age, level of disease, and raw data for each patient are presented in Table 3 .
Results were analyzed for the entire patient population as well as separately for the two subgroups: patients with clear foraminal disc herniation and those with degenerative foraminal stenosis, with or without chronic disc protrusion. The evolution of parameters and end results (at 1-year follow-up visit) were investigated.
We first analyzed the evolution of the observed parameters ( Table 4 ). The overall statistical significance of changes within each measured parameter was tested using the Friedman test for nonparametric data. After this, paired-sign test comparisons with Bonferroni adjustment were performed to analyze consecutive time periods (preoperative compared with 1 month; 1 month compared with 6 months; 6 months compared with 12 months). The use of nonparametric statistics is warranted because the scales are unlikely to yield normally distributed data, and hence the test is more robust than a standard analysis of variance. Similarly, post hoc tests were performed to study consecutive time periods to document the progression of each parameter, while minimizing the number of post hoc tests and, hence, maximizing statistical power. The Bonferroni correction in post hoc tests was used to keep an overall significance of 95% (␣ = 0.05) for each parameter; therefore, each post hoc comparison was performed at a 98.3% (␣ = 0.017) significance.
For patients with clear foraminal disc herniation, all parameters showed significant effects, including the VAS score for back pain, although none of the post hoc comparisons for this parameter yielded significant difference. For the VAS overall score, there were decreases between preoperative and 1-month visits as well as between 1-and 6-month visits; however, further changes did not occur between the 6-and 12-month visits. Leg pain decreased between the preoperative and 1-month visits, and stabilized thereafter. No changes in back pain were found in this group. For the Prolo Scale economic score, significant changes were found between the 1-and 6-month visits, indicating that return to work tended to occur between these two visits. For Prolo Scale functional score, and overall and sensory PRI scores, changes were found between the preoperative and 1-month scores, with no significant changes thereafter.
In patients with foraminal stenosis due to chronic degenerative changes the picture was slightly different; there were significant effects on all parameters, except for VASmeasured back pain. Overall VAS values showed decreases between preoperative and 1-month visits, and further decrease between 1-and 6-month scores. The leg pain VAS score and the PRI affective score improved between the preoperative and 1-month visits, with no significant changes thereafter. As in cases involving disc herniation, return to work occurred between 1 and 6 months postoperatively as reflected by the Prolo economic score; however, in these patients, the Prolo functional, PRI overall, and PRI sensory scores continued to improve between the 1-and 6-month visits. Overall, there were significant effects on all measured parameters, with the exception of the back pain VAS score. For overall VAS scores, significant reductions were found between preoperative and 1-month visits, with no changes thereafter. For leg pain VAS scores, decrease occurred between the preoperative and 1-month visits, with further reduction between the 6-and 12-month visits. Prolo economic scores improved between the 1-and 6-month visits, whereas the functional scores changed between pre-and postoperative visits. All three PRI scores showed significant improvements between pre-and postoperative visits, with no changes thereafter.
Analysis of parameters at 1 year postoperatively showed that 33 (91%) of 36 patients experienced resolution of leg pain, as reflected by the VAS score (0-4). Lowback pain appeared or significantly worsened at 1 year in eight patients (22%; one in the acute herniation group and seven in the degenerative group). The Prolo economic score increased in 21 patients, remained the same in 11, and decreased in one. The Prolo functional score showed a similar trend: improved in 27, unchanged in five, and decreased in two patients. Finally, the overall PRI (score) decreased in 30 cases, remained the same in one, and increased in three. The PRI sensitive and affective scores paralleled the results for overall PRI total.
There were nine patients with mild-to-moderate radicular motor deficit, which improved (in four patients) or returned to normal (in five patients) at 1 year.
There was one repeated operation for persistent leg pain and one fusion for increasing back pain. In the first case, at repeated operation 3 days later, it was noticed that the pars interarticularis resection was incomplete (the most anterior and lateral part of the structure was still present). Completion led to resolution of radicular pain.
In the second case, advanced and widespread lumbar degenerative changes were observed. An L2-sacrum 360f usion was performed (posterior lumbar interbody fusion supplemented by placement of pedicle screws), and back pain partially improved.
At 1 year a lumbar x-ray study demonstrated no spondylolisthesis or contralateral pars fracture in any of the patients at the treated level.
The levels treated in descending order of frequency were L-4, L-5, L-3, and L-2 in patients with acute disc herniation, similar to the extraforaminal lumbar disc herniations, and L-5, L-4, L-3, and L-2 in those with degenerative foraminal stenosis.
Discussion

Rationale for This Surgical Approach
Foraminal and extraforaminal lumbar disc herniations have been long recognized as distinct clinical entities.
1 Diagnosis and treatment have evolved significantly during recent years. 11, 21 Initially the surgical approach involves a partial laminectomy with medial facetectomy 19 (as for a standard discectomy), and long curved curettes were used to reach the far-lateral space. This technique is familiar to all spine surgeons but provides limited access to the foraminal and extraforaminal spaces.
Another surgical option involves laminectomy with total facetectomy. 20 This approach provides great exposure to the spinal nerve and disc, but it can create spinal instability 2,27 and postoperative back pain sometimes requires fusion of the involved segment.
For extraforaminal lumbar disc herniations, paramedian muscle-splitting approaches have been described. 17, 26, 33, 39, 41 Muscle retraction is minimal and the extraforaminal compartment is well exposed, without the need for destabilizing bone removal. Unfortunately, this approach does not permit decompression of the nerve in the neural foramen.
Di Lorenzo, et al., 6 described a new surgical approach involving fenestration of the pars interarticularis for removal of a herniated disc fragment and decompression of the foraminal nerve root. This approach, however, is limited by the size of the pars interarticularis and probably is difficult to undertake in patients with extensive degenerative changes.
Our proposed approach stemmed from the realization that removal of the pars interarticularis is not equivalent to a facetectomy. If only the pars is removed, the inferior facet remains strongly anchored to the corresponding lamina, as well as the joint itself. Analysis of results obtained in our biomechanical cadaveric studies suggested that, at least in rotation, there is no statistical significance between the intact spine and the spine after unilateral pars resection. 37 Clinical studies of unilateral spondylolysis 5 also support the idea that spinal stability is preserved, although there have been case reports of unilateral spondylolysis associated with contralateral fractures. 14, 16, 28 Unilateral resection of the pars interarticularis combines the advantage of good exposure of the entire foraminal nerve root and preservation of spine stability. A clinical study was necessary to evaluate the clinical outcome in patients undergoing this unilateral procedure.
Outcome Assessment
Outcome after lumbar surgery is notoriously difficult to assess. Low-back pain and, to a certain extent, radicular pain have a fluctuating course. 23, 40 The indications for surgery for radicular pain must be carefully considered during the pain's flare-up periods because pain often improves with conservative treatment. 30 A trial of 2 to 3 months of medical and physical therapy is considered appropriate by most practitioners. 31 In patients who undergo surgery, certain factors unrelated to surgery (for example, Workers' compensation and depression) 3, 13, 34 have been shown to have a negative influence on the outcome. Finally, sometimes the same patients exhibit an unstable status at different follow-up times. 42 Outcome after lumbar discectomy for the treatment of radiculopathy has been extensively studied. Favorable results have been reported in 75 to 80% cases in some arti-
J. Neurosurg Spine / Volume 2 / March, 2005
Unilateral resection of pars interarticularis cles, 3, 4, 32, 43 most involving prospective studies, and up to 90 to 95% in most retrospective analyses. 12, 15 The authors of other studies have focused on foraminal and extraforaminal disc herniations only. Although these types of lesions tend to occur in older patients and be more symptomatic, the postoperative outcome tends to be as favorable as that after standard discectomy. 7, 22, 31 In our prospective nonrandomized study the evaluation of outcome was patient oriented. We chose a set of questionnaires that allow patients to provide their perception of § Patient experienced new-onset low-back pain. ** Patient underwent L2-S1 fusion 7 months after pars resection.
† † A new L-5 herniation developed, but the patient refused surgery.
pain (its intensity was measured using the VAS, its quality by the PRI), as well as its socioeconomic effects (by the Prolo scale). The pain questionnaires were filled out by each patient, at each visit, on arrival in the office, before being evaluated by the physician.
Evolution of Radiculopathy
Leg pain improved in most patients at 6 months, and this result was maintained at 1 year. This was true for patients in both subgroups, although those with acute lesions exhibited better outcomes than those with chronic degenerative changes. These good results are not surprising because the entire length of the nerve root is decompressed and the herniated disc fragments are removed. Because the disc space was not entered, there was a theoretical increased risk of recurrent disc herniation; however, no recurrence was observed in our small series.
Analysis of the data suggests that resection of the pars interarticularis is highly effective in relieving radicular symptoms, both in patients with acute foraminal disc herniations and those with degenerative foraminal stenosis.
Evolution of Low-Back Pain
Low-back pain after surgery appeared or worsened in eight patients (22%). There were, however, significant differences between the two patient subgroups.
In patients with acute disc herniation four (22%) of 18 suffered significant low-back pain (VAS score Ն 3) preoperatively, and none experienced back pain worsening postoperatively. New-onset low-back pain developed in one of the 18 patients; this is similar to the incidence (4-5%) of low-back pain in the general population. 36, 38 Therefore, analysis of data obtained in this subgroup suggests that pars interarticularis excision does not significantly increase the incidence of low-back pain in patients in whom it was absent preoperatively.
In the other subgroup, two (11%) of 18 patients suffered new-onset low-back pain and in five patients (27%) it worsened. One patient required a lumbar fusion for pain, but the fusion involved four levels (L2-S1) because the patient had extensive degenerative changes and multiple pain generators. Low-back pain seemed to be partially alleviated by the fusion.
Results in the subgroup of patients with degenerative changes illustrate once again the variety of possible evolutions of back pain. 23, 31, 42 As patients were advised before surgery, back pain was generally not improved by resection of the pars interarticularis. Some patients suffered almost pure radicular pain, despite extensive degenerative lumbar changes; these patients appeared to benefit from strict radicular decompression (that is, resection of the pars), although, as expected, the axial back pain followed its natural course. Other patients experienced a combination of axial back and radicular pain, and fusion as well as radicular decompression were indicated, but the patients only consented to a "minor" surgery (that is, the pars resection), cognizant that their back pain will not improve or might even worsen after surgery.
It is difficult to draw conclusions regarding the effect of this procedure on the evolution of low-back pain in patients with extensive degenerative changes. Although there is no statistical significance for postoperative worsening of back pain, our patient population may be too small to express it. Nevertheless, none of the patients had lumbar instability or fracture of the contralateral pars interarticularis at the surgically treated level. Therefore, unilateral resection of the pars interarticularis may be a better alternative to facetectomy and segmental fusion in patients with degenerative foraminal stenosis.
Return-to-Work and Return-of-Function Statuses
Prolo economic and functional scales were used to assess outcome after the unilateral surgery. The operation had a positive impact on the work and functional statuses. In patients with acute disc herniation, return of function preceded return to work (Table 5 ), because some of the patients were still on sick leave at 1 month postoperatively. The rate of return to work improved modestly in those with degenerative foraminal stenosis because patients with low-back pain tend to experience a chronic course that often results in disability. 13, 23 
Pain Rating Index
The PRI part of the Short-Form McGill Pain Questionnaire was used to determine qualitative changes in patients' perception of pain. The terms most frequently used to describe the leg pain preoperatively were "shooting" and "sharp." Postoperatively, back pain was most commonly described as "heavy" and "tiring-exhausting." The total PRI improved similarly to the overall VAS score.
Complications and Limitations
There was one case of an intraoperative accidental durotomy which was recognized and repaired immediately. No cerebrospinal fluid fistula developed and the patient was discharged the next day, as was the case for most other patients. This study's limitations included the fact that it was nonrandomized and nonblinded, had a relatively short follow-up period, lacked an independent reviewer, and had a relatively small patient population.
Conclusions
Unilateral resection of the pars interarticularis is effective in relieving lumbar radicular symptoms in patients with intraforaminal entrapment. This is true both for patients with acute foraminal disc herniations and those with foraminal stenosis secondary to degenerative changes (with or without chronic disc protrusion). In patients with acute foraminal disc herniations the incidence of low-back pain does not increase as a result of this procedure. In patients with degenerative foraminal stenosis, the procedure may be a more optimal alternative to facetectomy and segmental fusion. Resection of the pars interarticularis may be a useful tool in spine surgery.
